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Numerica Stability and Contrd Analysis Towards
Falling-Led Prediction Capabilities of Splitflow for Two
Generc High-Performane Aircraft Models

Eric F. Charlton
Lockheal Martin
Tacticd Aircraft Systems

Abstract

Aerodynamc analyse are performel using the Lockhea Martin Tacticd Aircraft Systems
(LMTAS) Splitflov computationkfluid dynamic code to investigae the computationbpredic-
tion capabilitiesfor vortex-dominatd flow fields of two differert tailless aircrat modek at large
angles of attadk and sideslip Thes computatios are performel with the god of providing use-
ful stability and contrd datato designes of high-performaneaircraft Appropriae metrics for
accurag, time, ard ea® of use are determineé in consultati with both the LM TAS Advanced
Design ard Stability and Controk groups Resuls are obtainel and compare to wind tunnel
datafor all six forcesand moments Momert daiis combinal to form a“fallin g leaf” stability
analysis Finally, a handfu of viscows simulatiors were also performel to further investigate
nonlinearities ard possibe viscos effects in the difference betwee the accumulatd inviscid
computationhard experimentadata.



Contents

1

2

3

9

Nomenclature
Intr oduction
Configuration

Computational Resources
4.1 InViSCId . . . . . .
4.2 VISCOUS . . . . o e e e e e e

Metrics

5.1 AdvancedDesignMetrics. . . . . . . . . ..
5.2 S&CMELrCS . . . . o o
53 Runtime. . . . . . . e

Results
6.1 MTVI . .
6.1.1 MTVIResultsg=0° ... .. ... ... .. ... ..
6.1.2 MTVIResultsg=2° . . ... ... ... .. ...
6.2 ICE . . . .
6.2.1 TaillessDelta(ICE)Results;3=0°. . . . ... ... ... ... .....
6.2.2 TaillessDelta(ICE)Results;3=5° . . . ... ... ... ... ......
6.2.3 TaillessDelta(ICE)Results;3 =10° . . . ... ... ... ... .....
6.2.4 TaillessDelta(ICE)Results;3=20° . . ... ...............
6.2.5 TaillessDelta(ICE) Resultsg-sweepa=20° . . . . ... ... ... ..
6.3 Highlights . . . . . . . . .. e
6.4 Improvements. . . . . . . . L e
6.5 SolutionAdaption. . . . . . . ... e
6.6 LeadingEdgeResolution. . . . . . . . .. ... ...
6.7 CONVEIGENCE . . . . . o e e e
6.8 GridConvergence. . . . . . . . .. e
6.9 CPURequirements. . . . . . . . . . . e

Falling-Leaf Phenomenon

Conclusions
8.1 FutureEfforts . . . . . . . . e e

Acknowledgments

References

© 00

©

10
11

11
12
13
16
18
19
22
25
28
31
34
34
38
38
40
40
43

44

49
49

52

53



List of Figures

0O~NO Ol h WNPF

16

Baselineaircraftmodelconfigurations. . . . . . . ... ... ...
Omnigridandnearsurfaceprismaticgrid exampleonthe body symmetryplane . .
Improved M, resultsfor thelCE configuration . . . . ... .. ..........
ICE modelpitchmomentrotarybalancaestdata . . . . .. ... ... ......
Effect of differentsolutionadaptionparametersn computed/ortex structure . . .
Leadingedgeresolutionfor thelCEmodel. . . . . ... ... ... ... .....
Force/momentorvergence,TaillessDeltaWing, M, = 0.3,a = 15°,8 = 5° .
Force/momentconvergence, TaillessDeltaWing, M, = 0.3,a = 30°,8 = 20° .
Grid corverencestudy ICEmodel,a =24°,8=10° . . . . .. ... ... .. ..
Contourplot of C,, difference]CE modelata = 24°,4=10° . . . ... ... ..
Fallingleafmotion . . . . . . . . . . . . ... ..
Falling leafsusceptibilityregion . . . . . . . . . ... ... .. L.
Fallingleafresults,3 =10° . . . . . . . . .. . . .
Fallingleafresults,3 =20° . . . .. . . . . . . ... .. ...
FallingleafresultsMTVI, 8=2° . . . . . . . . . . . ..
New grid generatiormethod . . . . . . . . . . . ... ... ... L

List of Tables

a b wN Pk

MTVI a/B-sweep(inviscid) . . . . . ... ..
TaillessDelta(ICE) a-sweep(inviscid) . . . . ... ... ... ... .......
TaillessDelta(ICE) g-sweep(inviscid) . . ... ... ... ... ... ......
TaillessDelta(ICE),viscous . . . . . . . . . . . ... ... . .. ...
ICE prismaticgrid parameters. . . . . . . . . . . . . . .. ...

© 0~~~



1 Nomenclature
Parameters:

a angleof attack,usuallyin degrees.
B sideslipangle,usuallyin degrees.
A wing sweepangle,usuallyin degrees.

t/c wing thicknesgo chordratio, usuallyin percent.
Variables:

Ci, lateralstability derivative, 9C; /9 (Section?).
Cy, directionalstability dervative, 0C,, /9 (Section7).
C,

"BpyN

Dutch-roll stability paramete(Section?).

F,,F,, F, forcecoefficientsin the body z-, y-, and z—axis respectiely, alsoreferredto asCj,

Cy, andCy respectiely.

Ipg, 1,2, I, momentfinertiaaboutthez-, z-, andz/z axesrespeciiely.

M,, My, M, momentcoeficientsaroundthebodyz-, y-, andz—axisrespectrely, alsoreferredto
as(Cy, Cp,, C, or CLLB, CLM, CLNB (“C little L body" “C little M,” and“C little N body”

where“body” refersto thereferenceaxis).
SRYP synchronousoll-yaw paramete(Section?).
¥ velocity, (u, v, w) in bodyaxes.
@ vorticity (V x v), in bodyaxes.
Abbreviations:

BC boundarycondition

CFD computationafluid dynamics

ICE LMTAS Innovative Control Effectors(taillessdeltawing) model

LE leadingedge

LaRC NASA Langley ResearciCenter

LM LockheedMartin

LMT AS LockheedMartin, TacticalAircraft Systemdlivision

MTVI NASA Langley Modular TransonicVortex Interactionaircraftmodel
PVM ParallelVirtual Machinelibrary

RCS radarcrosssection



SARL SubsonidAerodynamicResearcth.aboratory
S&C stabilityandcontrols

WT wind tunnel(in thisreport,usuallySARL)



(@MTVI (b) ICE

Figurel: Baselineaircraftmodelconfigurations

2 Intr oduction

Aerodynamicdesignof high-performanceircraft requiresdetailedknowledge of the often-com-
plicatedairflow aroundthe suriace. High-performanceircraft usually make use of chinesand
surfaceblendsbetweerfuselageandwingsto encourageortex lift for maneueringwithoutsharp
intersectiondbetweerthewing andfuselage Recentconcerngegardingradarcrosssection(RCS,
i.e. “stealth”) have placedadditionalemphasi®n sharp well-definedsurfaceintersectionandare
oftenleadingto taillessaircraftdesigns.

Theuseof modifieddeltawingsandsharp-edgetbadingedgeoftenleadsto vortex-dominated
flows. The problemis furthercomplicatedy thelarge range<f angleof attack(a) andsideslip(3)
commonlyexperiencedy tacticalaircraft. The blendedfuselageor chinealongwith the leading
edgeof thewing oftencreatesnultiple vorticeswhichinteractin complicatecandhighly-nonlinear
manners.

The presenttudyis partof the NASA Langley ResearctCentersponsoregroject(described
in Referenced-8) aimedat assessinghe viability of using various state-of-the-arCFD Euler
technologyfor efficient applicationof aerodynami@nalysisduringthepreliminarydesignprocess.
Thiswork demonstratebow the LMTAS-developedCartesian/unstructuttegrid method the Split-
flow code,canbe usedto rapidly analyzethe flow aroundhigh-performanceircraft shapesand
adwancetheir designprocess.Resultsfor the testcasesare presentedcind measuredvith respect
to runtime,accuray, andthe easeof use. In orderfor CFD to be usedroutinelyin the designof
high-performancaircraft, certainstandardsnustbe metfor accurayg, time required,and easeof
use.

3 Configuration

Two configurationswere analyzedto provide comparisondatafor differenttypesof aircraft, as
shawvn in Figurel. Eachis ataillessdeltawing aircraft model, but a differentmethodis usedin
eachto blendthewing andfuselage In bothcasesthe flows aredominatedoy multiple interacting
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Table 2: Tailless Delta (ICE) a-swee (inviscid)

vortices Asthes vortices interact their influene on ead otha and the uppe surface of the wing
will se the correspondig aerodynamnd performane of the vehicles In eat case the key to a
vortex-driven solution is resolvirg the vortex core But adaptia to the core can be tricky—at high
a, vortex breakawn can beconean importan effect, and vortex breakawn isespecialy aggevated
by high 3.

The first configuratian is the NASA Langlky Modular Transong Vortex Interaction (MTVI)
model MTVI is adelta wing with a long chinel fuselage as shown in Figure 1(a) At high «,
vortices are create off of both the chine and the leadirg edce of the wing which interad as they
pas over the uppe surface of the aircrat model The geomety and wind tunné forces and moment
data were provided by NASA Langley Researh Cente [9]. The MTV I case computel are listed
in Table 1.

The seconl configuratiam is the LM TAS tailless delta wing, referrad to here (ard in many ea-
lier publication$ as the Innovative Contrd Effectors (ICE) model The ICE modé has a blended
fuselag and canqy, with a serraté (“broken”) trailing edge The ICE modé also has very high
cambe with avery thin wing airfoil (¢/¢c = 4%), which cause difficulty during the grid generation
pha® as will be discussd later in Section 5.3 The ICE modé is shown in Figure 1(b). Table 2
liststhe case performael for the swees acros angle-of-attackTable 3 lists the additiond cases
performal for the swe@ acros slip angle ard Table 4 lists the viscows casa tha were addel to
investigaé the possibility of viscouws effects causimg discrepancie betwea the inviscid solutions
ard the Subsont Aerodynamé Researk Laboratoy (SARL) wind tunné data.

4 Computational Resouces

Two versiors of the Lockhea Martin unstructurd Cartesia code Splitflov were used for thisanal-
ysis The newer code Omnigrid Splitflow, is a parallé code using Parallé Virtual Machire (PVM,

B
20[25]5.0][75[10.0]125] 15.0] 17.5] 20.0

Table 3: Tailless Delta (ICE) 8-swee (inviscid)
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Table4: TaillessDelta(ICE), viscous

(a) Slicethroughanomnigrid (b) Slicethrougha hybrid grid

Figure2: Omnigridandnearsurfaceprismaticgrid exampleon the body symmetryplane

describedn [10]) thatsolvesthe EulerequationsHybrid Splitflowis a vectorcodethatwasusedto
solve theNavier-StolkesequationsTheparallelOmnigrid casesverecomputedn networks of SGI
workstationsanHP 2000-seriesupercomputeandLMTAS CrayJ-905. Thevectorcomputations
wereperformedon the Cray J-905. An exampleof anomnitreegrid andthe prismaticlayer near
thesurfaceof ahybrid grid areshavn in Figures2(a)and2(b) respectiely.

Eachversionof Splitflowusesa tree-basedlatastructureto build andstorethe grid. Compu-
tationalgrids are built by startingfrom a “root” cell andrecursvely refiningonecell into smaller
“children” grid cells. Omnigrid Splitflowyields additionalefficiengy by refininggrid cellsin each
directionindependentlyyielding asfew astwo cells per cell refinementthe octreemodelusedby
Hybrid Splitflowyieldsaconstantight-children-peparentcell refinement Eachcodeusesafinite-
volumeconserationschemevith anupwindflux formulationandhasapreconditioneavailablefor
low Machnumberflow solutions.

4.1 Inviscid

The inviscid simulationswere computedwith Omnigrid Splitflow In practice the directionalcell
splitting usedby Omnigrid Splitflowcanyield the samegrid resolutionas Hybrid Splitflowusing
approximatelyhalf the numberof cells. Omnigrid Splitflowusesa pointwisesemi-implicittime
updatewith subiterationgor more-eficient parallelcomputation.



Numbe of layers 9
Growth rate 1.1
Initial spacing 0.001

Table 5: ICE prismatt grid parameters

42 Viscous

The five viscouws simulatiors were compute with Hybrid Splitflov. Hybrid Splitflov uses a pris-
matic grid grown from the surface in addition to the Cartesia octree grid. The prismatt grid is
sized accordimg to an approximag flat plate bounday layer for the aircrafts flight conditions For
the ICE modé and the flight conditiors of interes (Re = 1.9 x 10 /ft, M, = 0.3), the prismatic
grid parametesare listed in Table 5.

Hybrid Splitflov uses atwo-equatio turbulene mode for accurag solution of turbulert viscous
flow fields The k-kl andk-I modek developal at LM TAS are comparal® in accuray to the k-¢
andk-w turbulene models but they do not requite neary asfine nea-wall grid spacimg as do those
modek [11,12]. In addition unigue and consistehwall function bounday conditiors have been
developd for the k-kl andk-I turbulence models.

For this study, the k-kI modd was usal without the wall function bounday condition The vis-
cous sublaye ard buffer regions of the turbulent bounday layer are within the prismatt grid. The
modé has been validatal for both attache and separatd turbulert flows. Unlike the k-e model,
no ad-ha correctiors are required at separatia and reattachmetpoints to obtan reasonald solu-
tions The k-kl modd has been applied extengvely to a wide variely of aerospae flows and has
bean shown to be robugs and comparals in accuray to othe well calibratel two equatia turbu-
lence modek[12,13].

5 Metrics

In orde to measue LM TAS aerodynant capabilities with regardsto its uses in Advancel Design
ard Stability and Controls metrics were producel in consultatio with thes groups at LM TAS.
The metrics discussios focusal on time, accuray, and ea® of use The metrics presentd in this
repot represeha combinatia of both what is neede and wha iswanted. While thes metricsare
nat necessanl me in the presemstudy, sud discussia to establi the desirel parametes can be
very usefu intod development.

5.1 Advanceal Desigh Metrics

The Advancel Design grouwp is mostly concernd with computirg aerodynant properties around
multiple cruise and manewer points For their applicationsone polar is nat enoughbut the number
of polars depend on the configuratios unde study). Usually extra data points are necessar to
determire the effect of depbyed high-lift devices and to build a databas of trim data.

An ordinay aerodynand simulatiacn schedut would require at leag three trailing-edge flap
settings three tail deflectionsand three leading-ede flap settings resultirg in approximateg) 27
polars To be mog useful Advancel Desigh would like the resuls of a full matrix in 24 hours;
ideally then CFD techniqus are expecteal to be able to finish approximate} one polar pe hour.
The Advancel Design grougs currert analyss technique are not asfag at LM TAS, however—it
takes abou one week to do a complet analysis The current analyss codes usal run quickly, but



ead requires significan setyp and post-processiptime. However, if CFD were to read the same
turnaroum time as the current method it will becone the preliminaly aerodynant desig tod of
choice.

Advancel Desigris accuray criteria focus on accuratel computirg the drag codficient, Cp.
Drag incremens (ACp) are suficient for their needs but the primary values of interes are lift,
drag and moment For drag:

e Cp + 5% below polar bre& (cruise)
e Cp + 10% above polar bre& (manewer)
L4 CDO + 5%

Ea® of usisals alarge area of concern To be useful atod hasto be eay to use or else
the uses will gravitate bad to what they know. Ea% is somewhat defined by how many training
hours are requirad ard the availability and clarity of any documentationThe numbe of parameters
tha neal tweakirg shout naot be very large; however, there shoutl be enoudn parametesto cover
all possibé aspect of a problem being simulated Ideally, one would have set of parametes that
would work well for agiven class of problem perhagwith an expet systen to choo® given simple
input (perhapsy, wing swee angle t/c, and aspetratio).

Use interfaceisasignifican patt of ea® of use Standad Fortran-tyginputs sud asnamelists
ard formatted inputs can cau® long delays where the compute gives no meaningflierra message
ard refuses to proceed—ofta over a simple typographicherra in the input Also, automatt grid
generatio is very sensiive to the quality of the input suface mesh and some methal isrequired to
clean ythesurface Finally using Splitflow, “split cells’ are often aproblem Split cellsoccu where
the cel is cut into multiple disjoint volumes by the body. Refining the grid does nat always solve
the problem ard may be more costly than allowable To be usefu where the geomety is changing
rapidly (as in the early desiq cycle), geometrt problens sut as gaps poa triangulations or
too-thin bodies mug be fixed earl in the process.

The LM TAS Advancel Design grougs currert method are adequatebut they are still inter-
estal in improvements Most of their method are basel on linear theowy, so it is expectal that
any improvemens will come throuch the prope accommodatio for nonlinea aerodynamicsThe
required level of theoretichand geometre modeling however, is not yet determined.

52 S&C Metrics

Stability and Controk (S&C) metrics are basel on the conclusios reportel in [14], with modifi-

catiors provided by the LM TAS Stability and Controk group Their key concen isto ge reliable
data from a combinatian of experimenth databasedinea methods and advancel CFD methods
for potentially complkex configurationsTheir goak are to obtan method tha are simple and quick,

but agan accuray is very important In summay, force anrd momer codficients are needé to the
following accuray:

e CL +£5 ~ 10% if theflow isattached+10 ~ 20% if it is partly separategand+20 ~ 30%
if itisfully separated.

e Pitch roll, and yaw-momentst20% of datrange within 2° of zeroes.

Thesrequiremerdgdo nat cover trim nor performanerestrictions S&C analyss assumstha once
the aircrat is nea the right configuration the contrd systen can appropriate} counte any unan-
ticipated force or responseEven the magnitude of the forces and momensg are not so importart as

10



the signs i.e. the systen needto know which way to push but it isassumd tha the contrd system
has suficient forceto accomplis thetask (Whilethisisthe assumptionit iscritical to know that a
given deflectianin contrd surface will produ@ corred direction of force anrd moments—tts could
be a particula problan with phenomenn sud as aileron reversal.)

5.3 Runtime

Since Splitflov was intendel to be an automatt grid generato and flow solver, the setyp time for
Splitflow is minimal. Once the CAD surface cleanyp is complete one configuratio setyp usually
worksfor all of the runs The computationshowever, took mucd longe than anticipated.

Rerurs were often required often to compensatfor thin-wing baseal split cell problens on the
ICE configuration There are only two known ways to ded with split cells using Splitflow:

1. redue dxyzmi n allowing cells to be cut smalle than the body thickness so ead side is
properly handled.

2. or zerw nxdel et e causimg no grid coarsenig with grid adaption and reducirg the chances
of producirg asplit cell.

Both of thes values are describé in [15]. Decisiorsregardirg their usefall to the usets discretion.

Bounday condition and turbulene modesk also causé sorre difficulty. In particula, when
attemptimg to use a (less expensve) slip BC on the sting, the turbulene modé would fail and crash
the code Finally, The Omnigrid Splitflow flow solver appeas to be considerahyt less efficient than
the older Hybrid-Splitflov code ard this greatly affected turnarounglas discussd in more detal in
Sectin 6.9.

6 Results

Resuls for this analyss are presentd accordimg to the foll owing list. Individud plots are included
in Sectiors 6.1 and 6.2 for the MTV | ard ICE configurationsrespedvwely. For eat data set six
plots areincluded for the body-axgforces (F;, Fy, andF},) ard body-axs momens (M, M,, and
M,), inthat orde.

e MTVI, a-sweep

- B=0°
- pB=2°

e Tailless Delta(ICE), a-sweep
- B=0°
- B=5°
- B =10°
- B =20°

e Tailles Delta (ICE), B-sweep

11



Thecoeficientsof interestare:
e F,, Fy, F, forcecoeficientsin thez-, y-, andz-directions(bodyaxis) respectiiely.

o Mg, M,, M, momentcoeficientsaboutthe z-, y-, andz-directions(body axis) respectiely,
alsoreferredto asCj, Cy,, C,, andCLLB, CLM, CLNB.

The MTVI runs performedare listed in Table 1, while the ICE runs are listed in Tables2,
3, and4 for the a-sweeps3-sweep,andviscousseriesrespectiely. The chosentestmatrix for
thesecasesoversawide variety of anglesof attackandsideslipfor thetwo similar configurations,
MTVI andICE. While expandingthe rangeof eithervariable(particularlysideslipfor falling-leaf
predictionswouldbehelpful,alot hasbeenlearnedegardinghow to analyzecasesuchasthisand
wheresomeof the potentialpitfalls lie. As expectedthe useof the Eulerequationsasa physical
basisimproved the predictioncapabilityfor nonlinearphenomenon Although not reportedhere,
as expected,nonlinearphenomenomelatedto viscouseffects (vortex breakdan, separatiorand
reattachmengtc.) werenot predictedwell.

The“acceptablgredictionranges’(grey areaspnthemomentcoeficient plotsin Sections.1
and 6.2 are basedon the S&C criteria discussedn Section5.2. Sincethe focusis on moment
coeficientsat nonzerog, only thoseare specificallyshavn on the includedplots. Here,a tighter
toleranceof only £10% is usedto betterdemonstratareasf successinddesiredmprovement—
+20% of thedatarangeis 40% of thedatarange asspecifietby the S&C criteria,or nearlyhalf the
plottedarea.Theseregionsarehand-dravn on underlaydor the plotsusingTecplot[16], andthey
represenan approximatgnot numeric)region of acceptability The computedesultsalsocontain
“error bars, which shav the fluctuationin force or momentcoeficient over (approximatelyXhe
last100iterations.

Thelineartheoryresultsareproducedy theHASCcode[17]. HASCusedineartheorymodels
modifiedthroughexperienceat analyzinghigh-performancaircratt.

6.1 MTVI

The MTVI resultsdid not turn out aswell asexpected.While someof the nonlinearbreakswere
capturechearthe correcta, the magnitudesvereoften significantlydifferentthanthe wind-tunnel
data. Part of the problemis thewide rangeof angleof attack,0 < a < 45°. At large o, muchof
theflow is separatedhto complex vortical flows, andin someinstancesortex breakden causes
unsteadyflows thataredifficult to simulateevenwith Navier-Stokesmethods.

12



6.1.1 MTVI Results, =0°
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6.1.2 MTVI Results, = 2°
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6.2 ICE

TheICE resultsturnedout muchbetter but they arestill far from ideal. In somecasesthe method
was inadequateo predictcertainnonlinearitiespresentin the wind tunnel data, which could be
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attributedto theinherentlimitations of the the Euler equations.The Navier Stokessolutionswere
somevhatbetter Perhaps thicker prismaticgrid, or asmoothetransitionfrom the prismaticgrid
to the Cartesiargrid, would have improvedthem.

6.2.1 TaillessDelta (ICE) Results: 8 = 0°
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6.2.2 TaillessDelta (ICE) Results: g = 5°
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6.2.3 TaillessDelta (ICE) Results: 8 = 10°
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6.2.4 TaillessDelta (ICE) Results: 8 = 20°
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6.3 Highlights

The numericalresultsfor rolling andyawing momentswvereparticularlyimpressie atlow o (a <
24°). Sincetherolling andyawing momentsarecritical for theanalysisof thefalling-leafcondition,
thefactthattheseparametersurnedoutwell makesthis techniquevery usefulfor its prediction.

Theresultsfor pitchingmomentappearparticularlypoorat24® < o < 30°. Vortex breakdavn
and otherviscousand unsteadyeffects are suspectedo have contrituted to this poor prediction.
Also, evenwith 700,000cellsin thegrid, thevortex coreswerenotwell resoled.

Theeffect of grid resolutionon solutionaccurag wasinvestigatedandshavn to yield little im-
provementasdiscusseih Section6.8. Regrettably theextrawork yieldedlittle or noimprovement.
To checkthe numericalstability of thepoorresultsata = 24°, thesolutionfrom o = 22°, 8 = 10°
wasrestartedwith conditionsappropriatfor o = 24°. The resultwasthat the pitching moment
stayedapproximatelybetweenthe valuesat o = 22° anda = 26° for approximately2,000itera-
tionsbeforetumblingdown closerto thevaluesfoundstartingfrom a uniform state Whatoriginally
appearedo beahysteresigventuallybroke dovn—thiswasoriginally believedto bearesultof the
adaptinggrid, but further testson a fixed grid shaved the sameresults. Oneimportantpostscript
is thatthesearenottruly “grid corverged” solutionsin thatrespectasthey aregrid dependenand
truegrid cornvergencestudiesareintendedo eliminatethataspecbf thecomputationaproblem.

6.4 Improvements

Originally, it wasexpectedthatnew techniqueghat producedhice polarsovernighton a worksta-
tion would be usefulfor the configurationgresentedhere. Thesenew techniquesely on extremely
coarsevolumegrids (~ 100,000 cells) and overresoled surfacegrids (100,000 ~ 300,000 tri-
angles). Thesetechniqueshave turnedout surprisinglygoodresultsfor transonicand supersonic
wing/body configurations. However, both of the configurationsin this presenteffort are vortex
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dominate at the flow speed ard angles usel here and the vortices require alarge numbe of cells
off the suface Typically, convergene is delayel at the low speeds.

Figures 3(a) ard 3(b) show a compariso of thes results “Original” refers to the first pas at
solution of thes problems which involves running Splitflov on extremely coar® (approximately
100,0® cell) grids requiring only afew hours per cas on aworkstation As shown in Figures 3(a)
ard 3(b) the coar® grid technique producel unusaby poa data while the techniqus described
here did a reasonaly goad job of capturirg the current nonlinea trends sea in the experimental
data.

Sone of the nonlinearities displayel in the CFD resuls with increasingr may be due to the
compkx vorticd flows for thes configurations Disagreemersthave been found in resuls from
differert wind tunnes for the ICE configuration Resuls from a differert wind tunnd ted show
nonlinearities not apparenin the SARL tests.
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Sideslip Effects on Pitching Moment
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Figure4 shaws pitch momentcoeficient (A, ) testdatafor thelCE modelfrom arotarybalance
testin 1996atthe Bhirle Applied Researci 0-footverticalwind tunnelin Neubeg, Germary [18].
Thetestuseda 1/13thscalemodelwith dynamicandstaticdatacollection.Comparing-igures3(b)
and4 for 8 = 20°, two importantissuesarethe locationof the curve crossingthe axis andboth
the Bhirle measurementand the Splitflow computationaresultsshav a “leveling off” near24°
aroundzeroM,, beforethe valuedropsnegative. Thesedifferencedeadto a conclusionthatthere
is somefundamentatiifferencebetweenthe SARL wind tunneltestsandtheinviscid simulations.
Sincethe Bhirle datais takenat“low” Reynoldsnumbeyandthe SARL datais at “high” Reynolds
numbey and inviscid simulationswith Splitflowimply “low-but-not-contrded’ viscosity (hence
“high” Reynolds number),it is expectedthat someReynolds numbereffect is appearingn this
comparison.

6.5 Solution Adaption

Solution-basedrid adaptionwasrelied uponin Splitflowto yield highly-resohed solutionswith
aminimum numberof cellsandwithout expertsetup. Splitflowcanrefineon mary functions,but
howv doesonedecidewhatis important? Traditionallyat LMTAS, helicity (¥ - &) is usedto adapt
thegrid to vortices.However, the presentesultsindicatethathelicity doesnot resole vortex cores
aswell asexpectedjnsteadt ringstheoutside asshavn in Figure5(a).

For configurationssuchasthesethat are highly dependenon propervortex resolution thatis
not acceptablesovorticity (&) wasaddedasanadaptionfunctionto Omnigrid Splitflow Vorticity
doesamuchbetterjob of locatingthevortex coresasshavn in Figure5(b) for thesameconditions.
Notethatwith nosolutionadaptionasshavn in Figure5(c), thevorticesdo notevenappeato have
beenfully formed.

Even at the highervaluesof o and 3, both of theseconfigurationsflow solutionsare vortex-
dominated.For flows that are transonicor supersonicyorticity and helicity would not locatethe
shocks(andoftenyield apooror unusablaesult).In thosecaseseithergradientsof Machnumbey
gradientof pressureor divergenceof densitywouldmostlik ely beusedto refineoncompressibility
effects. Resolvingthe flow featureds very important,asfailureto do somayleadto very different
flow solutions.

For flows involving both shocksandshearssomebalancings required;hownvever, mostcriteria
will setupa particularpatternof prioritization, without somesort of weightingthatwill probably
vary from oneconfigurationto anothef19]. In somesenseanaerodynamicisis requiredto have
anunderstandingf the approximatdinal solutionbeforethe computationcanbe completed Cur
rently, decidingon the setof adaptionfunctionsfor a given flow is still muchmoreanart thana
science.

6.6 Leading EdgeResolution

Traditionally for CFD analysisof lifting surfaces,suflicient leadingedgeresolutionis important.
Leadingedgeresolutionis moreimportantfor shock-dwen flows, or flows wherea shocklocation
setstheimportantresults(particularlypitchingmoment,if,). Theserunsarenot shock-dwen,in
particular but rathervortex driven, andthis appeargo make LE resolutionlesssignificantdueto
thesharpleadingedges Theleadingedgeresolutionis shavn in Figure6 for anICE configuration
ata = 24° andg = 10°.

This leadingedgeresolutionappears/ery coarse Preferablythe grid aroundthe leadingedge
wouldbedenseenougtor theindividual grid linesto beindistinguishablatafull-size view for the
aircraft. WhenusingSplitflowor ary comparablainstructuredode,a certainamountof “smooth-
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(a) Solutionadaptiorwith helicity, « = 24°,8 = 10°

(b) Solutionadaptiorwith vorticity, « = 24°, 8 = 10°

(c) No solutionadaptionp = 24°, 8 = 10°

Figure5: Effectof differentsolutionadaptiorparametersn computedvortex structure
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Figure6: Leadingedgeresolutionfor the ICE model

ing” is requiredto blendthe fine-cellsnearthe surlaceandthe larger cells away from the aircratft.
In this case,if the cellswerethattiny, nearlyall of the available cell resourcedor grid adaption
would have beenpulledto theleadingandtrailing edgeof thewing leaving nothingleft to resohe
thevorticeswithoutrequiringunusablylarge grid sizes.

6.7 Convergence

Corvergenceis both a traditionalmeasureandtraditionaldifficulty for the successfuliseof CFD.
Becausef thewiderangeof flow conditions corvergenceon somecasesvasnotexpected Further
athighera (and3?), the expectedflow shouldbe unsteadyandincludesignificantviscouseffects
(separationteattachmengtc.)—undetheseconditionsacorvergedEulersolutionis probablynot
expectedandcautiousinterpretatioris required.

For someof theseruns,theforceandmomentcoeficientscorvergedwell, but corvergencewas
very sensitve to grid adaption.Figure7 shavs the convergencefor eachof the forceandmoment
coeficientsfor thetypical casea = 15° and = 5°. In thesecasessomeof thevaluesconverged
well, andothersdid not. Note alsothatthe samevalueswerereachedat moderateandlarger grid
sizes(greatetthan300,000cells).

Corversely someof theserunsfeaturedvery poor convergenceproperties.Figure8 shavs the
forceandmomentcorvergencefor a = 30° andg = 20°. Examiningtheseplots, it is notclearthat
arythingis corvemging, muchlesswhatit mightbeconverging towards

6.8 Grid Convergence

Grid corvergencestudieswerealsoperformedon certainrunsin aneffort to determinewhy certain
runsturnedout so poorly andif a finer grid would alleviate the problem. While it is unfortunate
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400,000cells 800,000cells

Figure9: Grid corverencestudy ICE model,a = 24°, 8 = 10°

thatthe resultsdid not alwayscomeinto line with the WT data,it is importantto point out thata
grid convergedanswetthatis far from the experimentaldatamostlik ely indicatesthatthe physical
equationmodelis not adequatdor the problembeingconsidered.Thus,while the resultsare not
whatwasoriginally desired grid convergenceto a “wrong” answerprovidesa very importantlimit
on theapplicability of thetechniqueandis usefulto its evaluationfor problemsn thatclass.

Figure9 shavs a comparisorof the corvergedresultsfor « = 24° andg = 10° for approx-
imately 400,000and 800,000cells. Note thatthey generallyhave the samevortex structureand
vorticity pattern(displayedon the aft cutting plane). The larger grid doeshave “tighter” vortices
andaslightly largerrecirculationzoneon the upwind(right) side.

In eachcase the computatiorproceededo corvergence(with respecto the six forceandmo-
mentcoeficients)at both400,000andnearly800,000cells. As shavn in Figure6.2.3,the compu-
tationally predictedpitching momentcoeficient is considerablydifferentfrom the experimentally
measuredalue.In eachcase no noticeabldmprovementwasfoundin matchingthe WT data.

As theserunsprogressedhe resultsweremonitoredwith respecto both convergenceof force
andmomentdataanda comparisorto provided WT data. The runspresentedn this reportwere
declareddonewith eitherforce andmomentcorvergenceor for “reasonabldime exceeded’(say
4,000iterations).Sincethe operationatesultsfrom thisreportwill beusedonfutureaircraftstudies
wherethe testsneedto be completedwith minimum resourcesit is importantto determing‘how
muchcomputation’is requiredfor “good” results.While somecasegonvemgedto acceptableesults
with fewer cells,the method-calibratiomasesequired400,000cells beforethe resultsconsistently
matchedhe WT data.Finally, since400,000cellswasthe minimumrequiredfor mary casesand
yet no improvementwas demonstratedising more cells, this doessuggesthat 400,000cellsis a
usefultargetgrid sizefor solvingthis type of problemwith Splitflow
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Figure10: Contourplot of C, differenceCE modelata = 24°, 3 = 10°

Ragrettably this testis only anapproximatiorto true grid corvergence A completegrid con-
vergencetestwould involve usinga sequencef differentgrids, in particularoneswith consistent
refinementsto shav thatthe solution obtainedis independenof the grid. A final checkon this

a = 24°,8 = 10° caseinvolved restartingthe similar caseswith conditionsappropriatefor the
former:

1. Restartingwith thecheckpoinsolutionfor o = 22°, 3 = 10°, andsolvingwith grid adaption
until theforcesandmomentsorvemed.

2. Restartingwith thecheckpoinsolutionfor o = 26°, 8 = 10°, andsolvingwith grid adaption
until theforcesandmomentsorvemed.

3. Restartingwith the checkpointsolutionfor a = 22°,;3 = 10°, and solving without grid
adaptionuntil theforcesandmomentscornverged.

In all threecasesfor over 1,000iterations(and 50 grid adaptioncycleswhereadaptionwas
used!) thecomputedorcesandmomentsstayedbetweerthevaluescomputedor thea = 22° and
a = 26° casesbeforedroppingto a valuemuchcloserto that predictedfrom a dead-star{andfar
off thewind-tunneldata). While onewould like to concludethat someaspecf the grid adaption
processs pulling the flow solutionaway from natures solutiontowardsa very differentone,the
factthatthesamesolutionwasreachedvithoutadaptingo thedifferentflow suggestshatthis“way
off” valuemightbeanappropriatesolutionto theinviscid flow field attheseconditions.A contour
plot of ACy = Cpeprare — Cpaeaasiare 1S ShOWN in Figure 10; onecanseethe lower pressureon the
forward windward “strake” areaandthe stronghigherpressureon the aft-mostleevard area—the

differencein pitchingmomentis clear but this intermediatgoositionis simply not stable.

6.9 CPU Requirements

Theinviscid computationpresentedh this reportseemedo take considerablynoreCPUtimethan
expected While thesenumbersaresuspiciousandbeingreviewed, a developmentalersionof Om-
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Figure11: Falling leaf motion

nigrid Splitflowwasusedfor this study;this codehasnotyet beenthroughathoroughoptimization,
andthisis thefirst time thatthis new codehasbeentimedfor comparisorin this manner

SinceOmnigridSplitflowwasdesignedo runin aparallelervironment,it usesapointwisesemi-
implicit time marchingto advancetowardsa steadystate. It appearghatwhile eachiterationmay
be lesscomputationallyexpensve, the semi-implicitschemeequiresconsiderablymoreiterations
to adwvanceto a steadystateresultingin lessefficiengy thanpreviously usedimplicit methodge.g.
Hybrid Splitflow).

Contrastingthe two codeswhile Omnigrid Splitflowrequired929usec/(cell - it) for a point-
semi-implicitsolver, Hybrid Splitflowrequiredonly 510usec/(cell - it) for animplicit solver (both
timesarein CrayJ-90CPU seconds)Thereis no typical casefor therunspresentedn this study
but the requirednumberof cellsvariedfrom about300,000to 400,000 andthe requirednumberof
iterationswasarnywherebetweenl,500and5,000.

In additionto the expenseof the flow solver, the runtimewasslowed by refining often. Each
refinementequirestwo checkpoint-filewrites, plot files, etc. Thesefile operationgequireanin-
ordinateamountof time on Cray-architectursupercomputersCertainsegmentsof the refinement
processare inherently serial, too, negating someof the strengthof both the paralleland vector
computers.

In the LMTAS Aerodynamicsand CFD computingenvironment,eachrun took approximately
40 ~ 130 “wall clock” hoursof runtime. This wason heavily-loaded Cray J-905, using4 ~ 8
processorsn a parallelrun. Includingwaiting to getthroughthe queue eachrun couldtake up to
oneor two weeks.

7 Falling-Leaf Phenomenon

Falling-leafis a periodicallystableflight conditionmuchlike a spin. Failling-leaf occurswhenthe
rolling and yawing momentsare in-phaseand act suchthat roll encourageyaw andvice versa.
Taillessaircraft (suchasthe ICE andtaillessMTVI modelsdiscussedherein)are particularlyvul-
nerableto falling-leaf. In falling-leaf motion, the aircraft oscillatesrapidly betweena high o and
small 3 andasmalla andlarge 8 (a < 40°, 8 < 70°) asshawvn in Figurell. As theaircraftflops
backandforth, it resembles leaf falling throughthe sky. Hopefully, the aircraftcanflop outside
thefalling-leafregime sothatrecosery canbe madefrom this conditionandresumenormalflight.
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Figurel2: Falling leaf susceptibilityregion

Falling leafanalysisstartsasin [20] with thedefinitionof the Synchronoufoll-Yaw Parameter

(SRYP):
Cnﬁ Iz,
SRYP — — o[ (1)
L, L%
Imm Imm ClB

andthe Dutch-roll stability parameter:

I
= O, cosa — 22C

C ng I,. <]

"BpyN

sina 2
wherethelateralstability derivative is:

andthedirectionalstability dervative is:

=95 =88 8 “
giventhemomentsof inertiafor the ICE model(sl - ft2):
Iz = 35,479 ()
I,, = 110,627 (6)
I, = —525 (7)
Thefalling leaf susceptibilityregion is definedby:
Crpoe >0 [ SRYP >0 (8)

asshavn in Figurel2.
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Figurel3: Falling leafresults,3 = 10°
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Figurel4: Falling leafresults,3 = 20°
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Figurel5: Falling leafresults MTVI, 8 = 2°

Falling-leafresultsfor thetaillessdeltawing configurationareshavn in Figures13 and14 for
B = 10° andB = 20° respectiely. In the“falling leaf’ pIots,CnﬂDYN andSRYP areeachplotted
with respectto a. Wherethe cures crossthe horizontalzero axis, grey lines are dravn to the
bottom. Thered (dark)filled areasindicatethe region whereboth parametersemainpositive and
indicatefalling leaf susceptibility(Equation8). Note thatthe rangeson the plots of experimental
and computationablataaredifferent,andwhenthis is consideredthe CFD dataandwind tunnel
dataagreevery closely

Finally, resultsarepresentedn Figure15 to shav the samefalling-leafanalysisfor the MTVI
modelat3 = 2°. Sincethemomentsnertia, I, I,,,, andl,, werenotavailable thesamenoments
from the ICE modelwereused. The resultsdo not look asimpressie asthe computationson the
ICE model, but this is consistenwith the differencesnotedearlier betweenthe ICE and MTVI
computations.Note againthatthe MTVI rangeincludedsignificantly higher anglesof attackat
whichviscousandseparatioreffectsareexpectedto be moresignificant.

Falling leaf is a naturalphenomenoffior a tailless(and sometailed) aircraft. Falling leafis a
violentmaneuermuchlike aspinthatcanresultin lossof aircraftandcren. Thekey to dealingwith
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falling leaf is beingboth ableto avoid it andto recover from aninadwertantentry Oneimportant
conclusionfrom this datais that control augmentatiorwill be requiredat all « for this classof
aircraft—inparticular theuseof anactive controlsystemwill probablybeneededo avoid afalling
leaf condition.While thisreportis orientedtowardstacticalaircraft,otherclasse®f aircraftshaped
similarly may alsosufer from a tendenyg towardsfalling leaf, makingthis analysisimportantfor
non-militaryaircraftaswell (e.g.aflying-wing transporiconfiguration).

8 Conclusions

Much of the desireddatacanbe accuratelycomputedput oftentheselarge nonlinearproblemsre-
quirelargegridsandlongerruntimesthananticipated At LMTAS, the S&C groupdesiressomplete
polar analysisin hours,which is not practicalwith mostEuler methodsand PreliminaryDesign
wantsa solutionper hour, which is definitely not practicaltoday Also, therewereno blackboxes
here,with eachrun requiringprofessionaberodynami@ssistancéo nurtureit to a propercomple-
tion.

The problemof how to do rapid aerodynamigredictionsfor high-performancaircraftdesign
requiresmoreinvestigation.Severalissuesareclear:

1. Linearmethodsdo not provide usefuldatathroughnonlinearflow regimes.
2. Inviscid methodsdo not provide usefuldatathroughviscousflow regimes.

3. Methodsthatarefastfor oneclassof problem(e.g.transoniaving/fuselagesinaygetbogged
down ondifferentproblems(e.g. high« delta/wings).

4. It is difficult to incorporatemassie computinginto therapidcycle of aircraftdesign—unless
therequireddatacannotbereasonablybtainedotherwiseor guessedt.

Theseproblemsseemto imply thata fastmethodis neededor the automaticsolutionof aero-
dynamic problemsusing the Navier-Stokes equationsto captureboth compressibleand viscous
effects. Clearly automatiogrid generatiorandadaptationis still important,aswithout appropriate
grids, the processs doomed.Cr, Cyr, andCp, arecritical values althoughthey canbecomputed
with propertechniquesandsuficient patiencewith the correctphysicalmodels.But researcimeeds
to proceedn thedevelopmentof CFD grid generatorsindflow solers.

The motivation for this effort is to adwancethe routine use of CFD in the designof high-
performanceaircraft by obtainingsuficient accurag, reducingthe time required,and producing
codesthatare easyto use. While thetimesrequiredfor the simulationspresentedherearelarger
thandesirable.andeffort is still requiredregardinginterface and usability goal of routine usage
of CFD in designis progressingvell. Advanceddesignwasalreadyusing CFD routinely; along
with someof theseresultsregardingusing Splitflowat high anglesof attackandslip, S&C is now
startingto usethesesamemethoddor conceptaircraftderived from the ICE model. Finally, these
techniqguegmay be usedsoonoutsideof LMTAS to solve relatedproblemsin high-performance
aircraftdesign.

8.1 Future Efforts

The Aerodynamics& CFD groupat LMTAS is working to develop a completelynew versionof
the Splitflowautomatiagrid generatoandflow solver in an effort to easilygenerategoodsolutions
for eitherinviscid or viscousanalysis.Sincenumeroudifficulties have arisendueto the strangely
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shapecaellsonthesurfaceof the octreegrid, the currenteffort focusen replacingthecell cutting
logic with cell projection The goalis to automaticallyproducetree-like mesheghathave smooth
nearsurfacegridssuitablefor modelingof viscoussheatdayers.This methodrepresentanattempt
to automatehe productionof a meshsuitablefor viscousflow analysis.

Figurel6 shavs someof themostrecentresultsfrom thisnew codefor thelCE modeldescribed
in this report. The smoothersurface meshis clearly visible, asis the resultantsmoothsurface
pressurecontours. While adaptationis currently beingimplementedn the new code, it should
functionthe sameway asthe currentversionsof Splitflow

An adwantageof this new methodis thatthe usercannow allow adaptatiorwithin the viscous
sheadayersall theway to the surface. A possibledisadwantagds thateitheradaptioncriteriamust
be usefulin both the off-surface inviscid regions and the nearsurface viscousregions, or some
methodmustbe createdo separatehetwo.

Thesegridsarealsomuchsmoothemwith respecto neighboringvolumeratios,which could of-
tenbe nearlyunboundeavith traditionaloctreemethodgV ~ 10'9). Meaninglesgrid parameters
suchasbodytolerancehave beenreplacedwith physicalparameterdike gap size andthe sliver
cellsthat producecells mary ordersof magnitudesmallerthantheir neighborscanbe eliminated
altogether
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(a) Obliqueview (b) New surfacemesh

.

(c) Pressureontourg(top) (d) Pressureontourgbottom)

Figurel6: New grid generatioormethod
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